In mammals, exposure to androgens early in development is essential for masculinization of the male reproductive phenotype. Male fetuses exposed to antiandrogens during perinatal life are permanently demasculinized in their morphology and physiology, whereas exposure to exogenous androgens permanently masculinizes females. In some litter-bearing species, proximity in utero of females to males can partially masculinize female siblings and alter their responsiveness to endocrine-disrupting compounds. However, in our strain of rat (CD-SD Charles River), intrauterine position does not significantly influence testosterone concentrations and anogenital distance of fetuses. In comparison, administration of testosterone propionate to pregnant females, at doses that doubled fetal female testosterone levels, did masculinize the reproductive system. Discovery of androgen-active chemicals in the environment has placed increased emphasis on describing the reproductive and behavioral effects of both natural and environmental androgens and antiandrogens. Recently, the effects of an antiandrogen, vinclozolin, on the brain and behavior were cited as a special concern by the U.S. Environmental Protection Agency in its risk assessment of this pesticide. In rats, one such behavior that is perinatally organized by androgens is social play. Males play more than females, and administration of exogenous androgens during the neonatal period alters the juvenile expression of this sexually dimorphic behavior. Vinclozolin is an androgen receptor antagonist that inhibits androgen-dependent tissue growth in vivo. We were interested in whether developmental exposure to vinclozolin could also alter androgen-dependent behaviors such as play. Neonatal male rats were injected on postnatal days (PNDs) 2 and 3 with corn oil, the pharmacologic antiandrogen flutamide (50 mg/kg), or vinclozolin (200 mg/kg). On PNDs 36-37 animals were observed for social play. Behaviors associated with general social activity such as sniffing and dorsal contact were unaffected by treatment. However, play behavior in males treated with flutamide or vinclozolin was significantly reduced, resembling levels of play characteristic of females rather than untreated males. Therefore, this study demonstrates that perinatal exposure to vinclozolin, an environmental antiandrogen, can alter androgen-dependent play behavior in the male rat. 
Since the early 1990s, significant attention has been focused on the potential for chemicals found in the environment to alter endocrine systems in animals including humans. This field of endocrine disrupters has quickly grown and now encompasses diverse areas of research such as immunology, toxicology, reproductive physiology, behavior, and ecology. Endocrine-active chemicals arise from many different sources, including pesticides, industrial chemicals, pharmaceuticals, and phytochemicals (Gray et al. 2001b) . Currently, several well-documented examples of potent antiandrogens found in pesticides and plasticizers have been described (Gray et al. 2001b (Gray et al. , 1994 Mylchreest et al. 1999; Parks et al. 2000) . In addition, there are reports of masculinized fish in rivers in the United States and Europe resulting from potential androgen mimics in the environment (Parks et al. 2001) .
In earlier work on environmental antiandrogens, investigators examined the role of chemicals that antagonized the function of androgen receptors (ARs). Prominent examples of AR antagonists are the pharmacologic agent flutamide as well as the fungicide vinclozolin (Gray et al. 1994 (Gray et al. , 1999 ImperatoMcGinley et al. 1992) . Both flutamide and vinclozolin act by binding to the AR and altering subsequent gene expression (Kelce et al. 1997; Waller et al. 1996) . Investigation of the effects of antiandrogens in developmental studies of male rats is consistent with AR antagonism. These effects include reduced anogenital distance (AGD), retention of nipples, genital malformations including cleft phallus and hypospadias, and sex accessory glands that were either reduced in mass or absent (Gray et al. 1994; Wolf et al. 2000) . Furthermore, the critical window for inducing these changes appears to be around the same period for reproductive differentiation in fetal rats, namely gestational days (GDs) 16-19 (Wolf et al. 2000) .
It is now apparent that a number of different mechanisms exist by which chemicals can alter reproductive development in mammals. For example, there is growing concern regarding the phthalate esters (PEs), now recognized as novel antiandrogens. Studies demonstrate that instead of blocking the androgen signal at the level of the AR, PEs reduce the production of testosterone by the fetal testis (Mylchreest et al. 1998; . Thus, PEs functionally act as antiandrogens during the prenatal period. Developmental effects of PEs include reductions in androgen-dependent tissues such as seminal vesicles, epididymis, prostate, and AGD-effects similar to those caused by known antiandrogens such as flutamide, procymidone, and vinclozolin (Gray et al. 1999; Mylchreest et al. 1998) .
Finally, several examples of environmental androgens have been reported. In the Fenholloway River in Florida, mosquitofish exhibit masculinized gonopodia, with increased numbers of segments in the anal fin ray (a masculine trait) (Parks et al. 2001) . Water samples from the same river are androgenic in in vitro assays. Parks et al. (2001) have shown that organic-soluble fractions of the water are able to bind and activate the human AR. These water samples were not able to activate a glucocorticoid-responsive reporter gene, implying independence from glucocorticoid receptor mediation. Additionally, reports have suggested a growth promoter used in livestock, trenbolone acetate, is a potent androgen that remains biologically active after discharge from the animal (Gray et al. 2001a; Schiffer et al. 2001) .
As early exposure to exogenous steroids or their antagonists can have lasting effects on the adult physiology and behavior, prenatal sources of variation in androgen exposure must be identified. In addition, a behavioral assay for potential effects due to an early exposure to androgen-active chemicals should be developed. The following sections address these issues for the study of environmental androgens and antiandrogens in the rat.
Role of Androgens in Reproductive and Behavioral Development
In the rat, differentiation of the male reproductive phenotype depends on both Müllerian-inhibiting substance (MIS) and testosterone. Lack of expression of these two hormones results in the development of the female phenotype (Jost 1953 ). Whereas MIS is critical for the inhibition of the Müllerian system, testosterone is important for differentiation of the Wolffian ducts, associated sex accessory tissues, and testicular descent (Jost 1970) . Testosterone, reduced by the enzyme 5α reductase to dihydrotestosterone, is important for development of external genitalia and the prostate (Wilson and Lasnitzki 1971) . Inappropriate expression or suppression of either MIS or testosterone results in abnormalities of the adult reproductive phenotype.
Behaviorally, hormones act prenatally to organize neural systems that later can be activated by the same steroid hormones and elicit behavior (Phoenix et al. 1959) . Individuals are particularly sensitive to organizational effects of certain hormones during critical developmental periods. Whereas perinatal exposure to androgens is essential for masculinization of males, numerous studies have shown that females exposed to androgens during the appropriate perinatal period can be masculinized in morphology, physiology, and behavior (Huffman and Hendricks 1981; Rhees et al. 1997; Thornton and Goy 1986; vom Saal 1979) .
In some species of mammals, the conversion of testosterone into estradiol by aromatase in the brain is critical for the organization of the male phenotype. For example, in the rat many of the organizing effects of testosterone also can be induced by administration of estradiol (Paup et al. 1972) . This is possible because specific regions of the brain contain aromatase, which enables the conversion of testosterone into estradiol (Paup et al. 1972; Reddy et al. 1974) . Inhibition of aromatase activity by pharmacologic antagonists feminizes sexual behavior of male rats (Gladue and Clemens 1980; McEwen 1981) . In addition, blocking the androgen pathway with antiandrogens does not affect organization of male-typical mounting behavior (Gray et al. 1994; Gray and Ostby 1998) . Together, these studies suggest that the brain of the male rat is masculinized primarily by estradiol from the aromatization of testosterone. Although estradiol is critical for masculinization of some behaviors in the perinatal rat, others are affected specifically by androgens during the neonatal period. Play is organized by the perinatal interaction of androgens with the AR (Meaney et al. 1983; Meaney and McEwen 1986; Pellis and Pellis 1997) . Although limited examples of androgen organization of behavior exist in the rat, it appears to be more common in the nonhuman primate (Cooke et al. 1998; Hines 1992) . Developmental exposure to androgens in nonhuman primates enhances both male-typical expression of mounting behavior in adults as well as masculinization of sexually dimorphic regions of the brain (Cooke et al. 1998; Pomerantz et al. 1985; Thornton and Goy 1986) .
Natural Variation in Androgen Concentrations during Development
Recognizing the importance of androgens for masculinization of physiology and behavior, investigators must identify sources of natural variability in exposure to perinatal androgens for males and females. Quantitative examination of androgens in fetal rats shows that males and females have similar androgen content during much of gestation (Baum et al. 1991; Weisz and Ward 1980) . However, concentrations of androgens in males increase significantly late in gestation (Baum et al. 1991; Houtsmuller et al. 1995; vom Saal and Bronson 1980; Weisz and Ward 1980) , reaching a peak around the critical developmental window of GDs 18-19 (Baum et al. 1991) . Several studies have suggested that this brief exposure to elevated androgens late in gestation sensitizes the developing male to androgen exposure during the neonatal period (Baum et al. 1990; Hoepfner and Ward 1988; Tobet and Baum 1987) . Therefore, potential variation in prenatal testosterone may interact with or alter the sensitivity to endocrine-disrupting chemicals (EDCs). However, even during this critical window, developing female fetuses have significant testosterone concentrations in many different tissues, including those critical for the developing reproductive system (Baum et al. 1991; Houtsmuller et al. 1995; Weisz and Ward 1980) . In several cases, individual female concentrations of testosterone are within the range experienced by males (Hotchkiss et al. 2000; Weisz and Ward 1980) . Because prenatal administration of androgens masculinizes females and AR expression is comparable in males and females, it is unclear why females are not more masculinized (George and Wilson 1994) . The source(s) of these androgens in female rats is not known, as there is no evidence that developing ovaries could be responsible for androgen production (Vreeburg et al. 1983) . Several different extra-ovarian sources for the androgens in females have been proposed, including placenta (Baum et al. 1991; Vreeburg et al. 1983) , fetal adrenals (Stahl et al. 1991 ), maternal circulation, or contribution by developing male fetuses (Clark et al. 1993; Drickamer et al. 1997; Vandenbergh and Huggett 1995; vom Saal et al. 1999) .
In several other litter-bearing species, variation in prenatal androgens can be largely attributed to the intrauterine position (IUP) phenomenon. The IUP refers to the random positioning of fetuses in utero such that a fetus can develop between two females (0M), a male and a female (1M), or between two males (2M). In these two species, the sex of the neighboring fetuses affects exposure to androgens and estradiol of the developing fetus (Clark et al. 1991; vom Saal and Bronson 1980) . Females that develop between two males (2M females) are exposed to higher levels of androgens than females that develop between two females (0M females). In the rat, two different models, the contiguous and caudal model, for testosterone transfer from males to females have been proposed (Clemens et al. 1978; Even et al. 1992; Meisel and Ward 1981) . These models arose from uncertainty as to the mechanism of androgen transfer from the fetal male to the fetal female. The contiguous model, similar to that in the mouse, states that testosterone from developing male fetuses diffuses through the fetal membrane to the neighboring animals. In comparison, the caudal male model states that maternal blood flows in the uterus in the rostral direction such that fetuses located caudally to males are exposed to increased levels of androgens.
In accordance with effects of prenatal testosterone, 2M female rodents show masculinized sexually dimorphic structures including the AGD and the sexually dimorphic preoptic area of the brain (Clark et al. 1993; Vandenbergh and Huggett 1995; vom Saal et al. 1999) . The AGD refers to the distance between the genital papilla and the anus; this region of skin is organized by androgens in the prenatal period, and as such, males have an AGD approximately twice that of females (Clemens et al. 1978; Gray et al. 1999; Vandenbergh and Huggett 1995) . Recently the AGD in the female mouse has been found to vary due to IUP (Vandenbergh and Huggett 1995) . Similar correlations have been found in gerbils (Clark and Galef 1988) and swine (Drickamer et al. 1997) .
The physiology and behavior of 2M females also differ from those of their lessmasculinized female siblings. 2M females exhibit a delay in the onset of puberty, increased incidence of ovarian cycle irregularities, and accelerated onset of reproductive senescence (Clark and Galef 1998; Vandenbergh and Hotchkiss 2001; vom Saal et al. 1999) . Behaviorally, masculinized female mice are more aggressive to intruders , are less attractive to males , and have a greater home-range size in the wild (Zielinski and Vandenbergh 1991) . Interestingly, in both gerbils and mice, the intrauterine position of females has significant influence on their subsequent litter sex ratios. Females that develop in utero between two males produce more males in their litters than do females gestated between two females (Clark and Galef 1995; Vandenbergh and Huggett 1994) . The mechanism for this alteration is uncertain but is suspected to occur either at the level of fertilization or implantation, as there is no evidence of selective postimplantation or postnatal loss (Clark and Galef 1995; Vandenbergh and Huggett 1994) .
Recently, the IUP has been the focus of discussions in the toxicology community because of its potential to alter susceptibility of fetuses to endogenous hormones and EDCs (Clark et al. 1993; Howdeshell et al. 1999) . In this regard, failure to account for IUP in EDC toxicology studies could lead to false negative results, especially when adverse alterations are produced by low doses in fetuses from only one IUP (Howdeshell et al. 1999; Welshons et al. 1999 ). This possibility has been raised because of investigations of estrogenic compounds in the mouse. In the rat, consistent effects due to IUP on testosterone concentrations, and therefore potential interactions with EDCs, have not been found. Contiguous (Clemens et al. 1978; Tobet et al. 1982) , caudal (Houtsmuller et al. 1995; Richmond and Sachs 1984) , and no effects (Baum et al. 1991; Hotchkiss et al. 2000; Meisel and Ward 1981; Slob and Van der Schoot 1982) due to IUP have been reported. Hotchkiss et al. (2000) in a recent study with SpragueDawley rats examined the effect of IUP on concentrations of testosterone in several different tissues. No effect of either contiguous or caudal IUP on testosterone concentration was detected in fetal carcass, reproductive tract, or amniotic fluid. Furthermore, no correlation was found between masculinization due to IUP and increasing AGD. It is unclear at this time why there is such a discrepancy in results seen in the rat. However, varied strains of rat, multiple uncontrolled variables, and different criteria for defining the effects of intrauterine positioning may all contribute to this uncertainty. In addition, in one study the amount of variation in prenatal testosterone, which was explained by the IUP, was estimated to be less than 12% (Houtsmuller et al. 1995) . Thus, differences in the rat may be relatively subtle and easily overshadowed by other more potent effects. Further, potential IUP effects on different hormones, their EDC counterparts, or at different developmental periods remain to be examined. Finally, the physiologic mechanisms underlying interspecies variation in IUP effects could be interesting and important subjects for future investigation.
Effect of Androgen-Active Chemicals on Behavior
As perinatal exposure to androgens has lasting effects on the morphology and physiology of the adult animal, investigators need to identify behaviors that could be used to examine behavioral effects of early developmental exposure to androgen-active EDCs. In rodents, many behaviors are masculinized by the conversion of testosterone into estradiol in the brain. However, some behaviors, such as rough-and-tumble play, are specifically organized by androgens. The critical time in the rat for organization of play is the early neonatal period, when interactions of androgens with the AR set up the sex difference observed in juveniles (Meaney et al. 1983; Meaney and McEwen 1986; Pellis and Pellis 1997) . Studies have shown that increased male rough-and-tumble play is specifically organized by the stimulation of ARs in the amygdala region of the brain (Meaney et al. 1983 ) and is not dependent on activational effects of steroids (Meaney and McEwen 1986) . Further, androgen receptor dysfunctions such as testicular feminized mutant males, neonatal castration, and neonatal exposure to the androgen-receptor antagonist flutamide decrease the expression of play by juvenile males, whereas administration of estradiol agonists does not increase play in either male or female rats (Meaney and Stewart 1981) . Therefore, rat rough-andtumble play is unique in that it is clearly organized by androgens themselves during the neonatal period and is not influenced by activational effects of other steroid hormones.
Although Meaney and Stewart (1981) showed that neonatal exposure to testosterone increased play in juvenile female rats, few studies have used play as a behavioral assay for androgen-active environmental chemicals. This may be because of the widely held conception that most behaviors in the rat are organized by estradiol rather than androgens. However, research on the central nervous system (CNS) and behavior in primates indicates that androgens may play a larger role in differentiation in these species. Therefore, play behavior provides a straightforward rodent model for the effects of environmental chemicals on androgenorganized development.
For example, in a recent study (Hotchkiss et al. 2001) , female neonatal rat pups were treated with either corn oil or 250 µg/kg/day testosterone propionate on PNDs 2 and 3; males were treated with corn oil, 50 mg/kg/day of the pharmacologic antiandrogen flutamide, or 200 mg/kg/day of the antiandrogenic fungicide vinclozolin. Play behavior was then observed for pairs of juvenile animals of the same litter, sex, and treatment. Animals were monitored for a period of 10 min, during which frequencies of social behaviors such as sniffing and rough and tumble play were noted. A play bout was defined as one in which an individual was pinned to the floor with another individual on top. Overall, a significant sex difference in play behavior between male and female juvenile rats was observed (Hotchkiss et al. 2001) . Females treated with testosterone propionate had increased levels of rough-andtumble play without alteration in the frequency of other social activities. In males, the AR antagonist flutamide significantly decreased the number of play bouts observed. Exposure to the fungicide vinclozolin also decreased play behavior in an antiandrogenic manner. Together, results of the androgen and androgen-receptor antagonist experiments support rough-and-tumble play as a neonatally androgen-organized behavior.
Several other reports have recently investigated the potential effect of antiandrogens on behavioral development in the rat (Flynn et al. 2001; Gray and Ostby 1998) . In both of these studies, no effect of perinatal vinclozolin was found on male play behavior. However, differences in protocol between these studies could explain inconsistencies in results. First, in studies conducted by Flynn et al. (2001) and Gray and Ostby (1998) , neonatal exposure to the AR antagonist was through lactational exposure. In the Hotchkiss et al. study (2001) , the compound was administered directly to the pup. Second, the dose used in the Flynn study was lower (up to 60 mg/kg/day to pregnant female) than that used in the Hotchkiss et al. (200 mg/kg/day to neonatal pup) and Gray and Ostby studies (200 mg/kg/day to pregnant female). Finally, the Flynn et al. study observed play behavior in the first 6 hr of lights on. During this period they did not see a significant sex difference in play. This is in contrast to the two other studies that observed higher levels of play behaviors in males than in females during lights out when activity levels are higher in nocturnal animals such as the rat. As behavioral testing of EDCs continues to expand, subtle differences in protocol must be considered and minimized to reduce seemingly contradictory outcomes.
Finally, concerns have been raised regarding the efficacy of using a neonatal rodent model requiring subcutaneous injections, as this route of exposure has limited applicability to primates. However, it is important to consider differences in timing of brain development in rats versus primates. Much of sexual differentiation of the brain in rats occurs during the first several days postpartum (Tobet et al. 1982) . By comparison, in primates much of this differentiation occurs in utero (Cooke et al. 1998) . Therefore, toxicants present in pregnant females potentially could be transferred to their offspring. Further, neonatal rat administration of vinclozolin likely would be easily absorbed because of the immature status of the gastrointestinal tract at this age (Klein 1986 ). Hence, subcutaneous and oral routes of administration are likely to provide similar internal exposures. However, because of species differences in the rates of CNS development in relation to the timing of birth, none of the standard routes of exposure (lactational, gavage, subcutaneous injection) simulates precisely what might occur in humans.
It is evident that studies are needed to determine concentrations of active metabolites of vinclozolin in the rat CNS during neonatal life. These concentrations then can be compared with estimated or measured (in nonhuman primates) concentrations resulting from transplacental exposures in longterm gestation animals. If concentrations of active metabolites are comparable between these species, then injections of endocrineactive chemicals into neonatal rats could constitute a meaningful route of exposure at the appropriate developmental period. Recent studies have emphasized the importance of the maternal/fetal transfer of toxicants. For example, Blount et al. (2000) showed that a cohort of women between 20 and 40 years of age had measurable amounts of endocrine-active chemicals in their urine. The question now becomes what, if any, adverse effects on the developing offspring result from these compounds?
As the EDC field continues to grow, other examples of chemicals interfering with masculinization of the brain could arise. This study has implications both for risk assessment of known antiandrogens, such as vinclozolin, and for testing of novel chemicals. Although antiandrogenicity of vinclozolin has been established since 1994, a recent report by the U.S. Environmental Protection Agency (U.S. EPA) calls for studies of the developmental neurotoxicity of vinclozolin (U.S. EPA 2000). This lag in behavioral data on vinclozolin likely results from the limited numbers of behaviors masculinized by androgens, rather than estradiol, in the rodent. In addition, recent reports (Gray et al. 2001b; Parks et al. 2001; Schiffer et al. 2001 ) of androgenic chemicals in the environment necessitate development of behavioral tests for assessing organizational effects of these chemicals on females. Considering the utility of this assay for testing behavioral effects of these EDCs, play behavior could be developed into a rodent behavioral test for chemicals with androgenic or antiandrogenic activity.
Summary
Discovery of novel antiandrogens (Mylchreest et al. 1998; Parks et al. 2000) and reports of androgenic chemicals (Gray et al. 2001a; Parks et al. 2001; Schiffer et al. 2001) in the environment has renewed interest in describing the role of androgens in reproductive and behavioral development. Toward this end, this article has described initial studies addressing several important issues in this field. First, variation in the concentrations of testosterone in the developing fetus was discussed. Although IUP has been shown to explain much of the variability in prenatal androgens in the mouse and gerbil, results of current studies of IUP effects in the Sprague-Dawley rat suggest that it is not a significant source of variability in terms of testosterone and masculinization. Regardless of the sources of variation in prenatal androgens, several useful biomarkers have been suggested for characterizing the prenatal androgen environment (Gray et al. 1999; Vandenbergh and Huggett 1995) . These biomarkers include the androgen-sensitive AGD and areola/nipple formation. Both of these indicators reflect the prenatal androgen environment and can be used for characterizing early developmental exposure to androgenic or antiandrogenic chemicals.
Finally, social play is an androgenorganized behavior in rats that can be used to test for environmental androgens and antiandrogens. Assessment of developmental neurotoxicity is important for risk assessment of EDCs, as evidenced by the U.S. EPA call for more of these studies on vinclozolin. Play behavior provides a straightforward rodent model for assessing the effects of environmental chemicals on AR-organized development.
